of NMR, the time scale of this method is too slow to track Here, using an electrochromic fluorophore, we deelectrical changes coupled to fast gating transitions. In scribe a method to monitor localized electric field other methods, such as cyclic voltammetry and pH shift changes in a voltage-gated potassium channel. By analysis, the identification of the redox or acidic group coupling the novel probe Di-1-ANEPIA to cysteines in involved in the electrostatic interaction is complicated Shaker and tracking field-induced optical changes, in when multiple species are present within the protein. closed to open state. As evidence of the sensitivity of have been long recognized. However, dynamic meaour technique, we demonstrate that the electric field surements of electric field changes within a channel within the protein matrix is modulated by changes in have not yet been achieved. Consequently, the role that extracellular calcium and pH. Finally, we reveal for the ion channel structure serves in "tuning" the electrical first time that an electric field gradient exists in Shaker forces responsible for voltage sensor movement re-(see Figure 2A for the approximate location of the followmains unknown.
ing charge (365C) in the fourth transmembrane segment bromide (or Di-1-ANEPIA) employs an iodoacetamide moiety ( Figure 1A , bottom) to form stable protein-dye (S4). This result provides direct heuristic evidence of an amplified electric field in the region through which gating adducts. An important consideration for both dyes was to distinguish ion channel labeling from nonspecific lacharges translocate.
beling of the plasma membrane. To distinguish between these possibilities, we have exploited the environmental Results sensitivity of fluorescence emission spectroscopy (Lakowicz, 1999). The emission spectra of both thiol-reacCharacterization of a Unique Class of Electrochromic Dyes tive fluorophores, when bound to Shaker channels expressed in Xenopus oocytes, suggest that they reside To map the electric field profile along the Shaker channel, a novel class of potentiometric dyes was developed.
in comparable environments ( Figure 1B , red and black traces). However, in the same membranes, the spectra These fluorophores are comprised of two functional domains (see Figure 1A) : the ANEP chromophore that has of the electrochromic probe Di-4-ANEPPS, which contains the same chromophore but is designed to partition proven to be a sensitive molecular indicator of transmembrane electrical events (Zhang et al., 1998 ) and a into membranes, is shifted, suggesting that this probe samples a different environment ( Figure 1B , blue trace). sulfhydryl-reactive moiety to which cysteine residues covalently bind. Efficient yet specific fluorophore attachThe voltage-sensitive properties of the ANEP chromophore are derived from a photoexcitation-induced proment is critical to realizing site-specific electrostatic recordings in channels. Consequently, two reagents with cess ( potential, the first component remains extremely fast and increases in magnitude ( Figure 2C , bottom). Howhc⌬v ϭ ( g Ϫ e ) · E , (1) ever, the slower fluorescence component is not only modified in time course, but exhibits a reversed orientawhere ⌬v is the spectral shift (in reciprocal wavelength) tion. The fluorescence "jumps" are indicative of electroinduced by the effective field strength, E , c is the speed chromic phenomena, as the fast kinetics are voltageof light (3 ϫ 10 8 m/s), and g and e represent the independent while the magnitudes scale with the comground and excited state dipole moments, respectively. mand potential. For this reason, the transition observed As the spectral shifts expected with physiologically at the instant of membrane depolarization is designated relevant electric field strengths are extremely small in the Electrochromic On (Eon) ( Figure 2D , insert) and the magnitude (Loew, 1982) , we monitor changes in fluoressignal observed upon repolarization is termed the eleccence intensity that are induced by the voltage-depentrochromic off (Eoff) ( Figure 2D , insert), with the on and dent spectral shifts. In this scenario, membrane voltage off denoting the depolarizing and hyperpolarizing voltsimply shifts the excitation and emission spectra relative age transition, respectively. While the molecular basis to fixed bandwidth filters and produces a change in for these fast signals reflect the chromophore's voltageboth the proportion of fluorophores excited and in the sensitive attributes, the precise origin of the slow comcollection efficiency of the system. In the limit of small ponent is less clear. Figure 1D , circles) across the tested voltage fluorescence (% dF/F) of Eon (circles) and Eoff (upright regime. In contrast, cells exposed to Di-1-ANEPIA for triangles) components are plotted as a function of test an equivalent staining period do not exhibit an optical potential for site 354C ( Figure 2D, large figure) . The line signal ( Figure 1D, inverted triangles) .
at zero serves as a visual cue to emphasize the opposing direction of the two electrochromic signals. Since the Fast Optical Signals Accompany Voltage electrochromic on signal is concomitant with membrane Changes in Shaker depolarization (see Figures 2B and 2C) , the fluorescence The data presented above indicate that Di-1-ANEPIA at this instant of time represents the closed state of the may be exploited as a site-specific electric field probe channel (see below). The conditioning pulse to Ϫ90 mV in Shaker due to its intrinsic insensitivity to changes in ensures that the protein begins in the same initial condimembrane voltage. To assess this possibility, we coution, or conformational state, regardless of the applied pled Di-1-ANEPIA to a cysteine residue (354C) in the test potential. Consequently, the ANEP chromophore S3-S4 extracellular linker of Shaker. A voltage step essentially resides in a quasistatic environment of into Ϫ60 mV ( Figure 2B , top) elicited a gating current creasing field strength at the time at which the electro-(same figure, middle) representative of the W434F muchromic on signal is recorded. This is the molecular tants (Perozo et al., 1993) 
Protein Electrostatics Are Sensitive to Variations
The basis of the electrostatic field reduction may reflect in Extracellular Calcium and Hydrogen the decreased surface potential of Shaker, the attenuIon Concentration ated debye length in solution (Table 1) (Table 1) . Unlike the screening effect of calin 0.5 mM and 70 mM extracellular calcium solutions cium ions, protons associate with acidic groups on the (see Table 1 for solution composition and properties) at protein surface, essentially neutralizing fixed charges. site 359C. Calcium ions influence protein electrostatics Thus, decreasing the pH from 7.4 to 5.5 displaced voltby screening fixed surface charges ( T ) (Ji et al., 1993) age sensor movement by ϩ21.7 Ϯ 4.7 mV (n ϭ 6) ( Figure  4C ), consistent with a decreased surface potential previously reported (Starace et al., 1997). As illustrated in Table 1 sensitive to changes in the surface potential, but not S4 and is oriented away from the intracellular crevice, Once the relative sensitivity between the two dyes was a relatively small electric field is detected at the instant determined, the electrochromic slope measured at each of membrane depolarization (Eon, Figure 5B ). However, site in Shaker was converted into an electric field as the voltage sensor transports gating charge across strength. In reality, these values represent a lower limit the hydrophobic membrane core into an external crevof the actual electrostatic field as the fluorophore may ice, the electric field density is now localized to the same be tilted away from the normal of the membrane surface electrical compartment as the fluorophore. Consequently, (as further discussed below). With this approach, we Di-1-ANEPIA exhibits a large electrochromic signal ascertained that a pronounced electrostatic field gradi-(Eoff, Figure 5B ) from the open state. ent exists along the S3-S4 extracellular domain (note residues 345-359 in Figure 6 ) and culminates in a magnified field strength in the primary voltage sensor (amino Discussion acid 365, Figure 6 ). Furthermore, residue 278, which resides in the extracellular end of the S2 segment, expeIn this work, we demonstrate a fluorometric approach to surveying the electrostatic field in an active protein riences a field strength slightly smaller than that within the bilayer. Finally, we note that an electrostatic field using the cysteine-reactive electrochromic probe Di-1-ANEPIA. The optical signal of Di-1-ANEPIA is dependent equivalent to that in the membrane but larger than the field near 278C emanates from the outer region of the on the presence of external cysteine residues in Shaker ( Figure 1D) ; thus, our data was readily separated from pore (site 425, Figure 6 ). It is possible that this field potential sources of "noise" including membrane-partimethyl groups on the anilino nitrogen ( Figure 1A ) to decrease the hydrophobicity. tioned flurophores and dye molecules bound to other proteins present on the cell surface. In the S3-S4 extraAlthough the decreased reactivity of iodoacetamides relative to maleimides (Meister, 1995) may impede the cellular linker, we determined strong coupling of the structure-electrostatic relations of Shaker as an attenulabeling of cysteine residues, the smaller length of the linker permits electric field detection at regions relatively ating electric field strength correlated with channel gating from closed to open states. Furthermore, we found close to the probe's site of attachment. In fact, the slower reaction rate is likely advantageous in this applithat the electrical attributes near the fourth transmembrane segment were modulated in a predictable manner cation as suggested by Di-1-ANEPMI recordings. This maleimide congener produced a significant signal in the by modulation of the ionic strength and pH of the bathing solution. The site-specific nature of our electric field absence of external cysteines on Shaker ( Figure 1D ). This voltage-dependent optical signal likely reflects a reporter ultimately allowed for the identification of an electric field gradient along Shaker distinguished by an large population of intrinsic thiols on the membrane surface that bind to the highly reactive fluorophore and enhanced electrostatic field in the voltage-sensor region. accordingly results in large background fluorescence (data not shown). It is also possible that the nonspecific Di-1-ANEPIA Is a Site-Specific Electric signal of Di-1-ANEPMI may be independent of thiol reacField Reporter tivity and signify a slightly greater hydrophobicity relaThe electrochromic fluorophore Di-1-ANEPIA was engitive to Di-1-ANEPIA. Consequently, this fluorophore neered to maximize specificity toward cysteine conjugawould exhibit more extensive partitioning into the lipid tion in proteins while minimizing associations with the membrane. However, the maleimide derivative is uncellular membrane. Toward this aim, it contains an iodolikely to interact with the bilayer in a significant manner acetamide functional group for thiol reactivity and, in as inferred by the similarity of Di-1-ANEPIA and Di-1-ANEPMI emission spectra. The fluorescence spectrum contrast to standard fast potentiometric dyes, only two ., 1994) . In this scenario, the oppossimply a reflection of local environmental constraints, ing effect of "blue" edge relative to "red" edge excitation then we would expect that the "most extracellular" resion the emitted fluorescence would be exploited to maxdues-278C, 345C, and 425C-would uniformly report imize the electrochromic signals and simultaneously small electrostatic fields due to minimal protein packing minimize the background contribution of nonspecific forces in these regions. However, as shown in Figure 6 , fluorophore populations. 425C experiences an electrostatic field that is equivalent in magnitude to the field near residue 359C in the voltage likely to have a random orientation in the S4 with little exp(ϪzFVR Ϫ1 T Ϫ1 ) and K a is the equilibrium constant of proton bind- ods. We exploited this mathematical solution of the electrostatic field to localize the electrochromic probe relative to the Shaker surface. The change in electrochromic response (at site 359C) in high The excitation sensitivity of Di-4-ANEPPS was determined to pH (⌬V ϭ ϩ21.7 mV). In this case, the amount of charge neutralized be Ϫ0.9% dF/F per nm and the emission sensitivity was ϩ2.57% by the protons (assuming 1:1 stoichiometry) is: dF/F per nm for a net fluorescence sensitivity of 1.67% dF/F per nm. On the other hand, Di-1-ANEPIA yielded a dF x /d of Ϫ0.13% N ϭ T Ϫ E , dF/F per nm and a dF y /d ϭ ϩ2.59% dF/F per nm for a net fluorescence sensitivity of 2.46% dF/F per nm. The net fluorescence sensiwhere N ϭ Ϫ0.17 e/nm 2 , T ϭ Ϫ0.35 e/nm 2 , and E ϭ Ϫ0.18 e/nm 2 . tivity values ratio between Di-4-ANEPPS and Di-1-ANEPIA was utiFrom the conventions of equilibrium binding, the ratio of the lized to convert the electrochromic slope factors measured at each charge density at pH 5.5 ( E ) and pH 7.4 ( T ) can be expressed as:
site into an electric field using the Di-4-ANEPPS slope as calibration. 
